Abstract-We investigated the effects of γ irradiation on the survival of resting eggs of the cladoceran Moina macrocopa and on the parameters of the life cycle of neonates hatched from the irradiated eggs. It was shown that γ irradiation in a wide range of doses (from the background level to 100 Gy) had no effect on survival of eggs and mortality of neonates hatched from the irradiated eggs. However, exceeding the absorbed dose of 40 Gy sharply decreased the reproductive potential of the neonates hatched from irradiated eggs.
Natural background radiation is an integral part of life of living organisms. The situation has changed since the mid XX century, when a large amount of technogenic radionuclides was emitted into the envi ronment as a result of human activity [1] . Since nuclear fuel cycle enterprises are usually located near water bodies, bottom sediments are one of the places where artificial radionuclides concentrate [2] .
Planktonic crustaceans are one of the key compo nents of food webs of aquatic ecosystems. Under adverse conditions, many planktonic crustaceans form resting eggs, which can stay at rest for a long time [3] . On the bottom of water bodies, resting eggs form egg banks that are a source of genetic diversity and replenish the population after the population decline periods [4] .
Despite the obvious importance of resting stages for zooplankton functioning, studies on the assess ment of the sensitivity of resting eggs to various toxi cants are scanty [5] , and studies on assessing the impact of ionizing radiation on the survival of resting eggs and the parameters of the life cycle of the neo nates hatched from the irradiated eggs are absent.
In this study, we investigated the effects of exposure of resting eggs of the planktonic crustacean Moina macrocopa to ionizing radiation on the ability of rest ing eggs to undergo reactivation and on the parameters of the life cycle of the neonates hatched from the irra diated eggs.
Cladoceran M. macrocopa was used as a model object. All experiments with animals were performed in an incubator with a constant temperature (26°C) and a 16 h light-8 h darkness photoperiod. Aged tap water was used as a culture medium for the crusta ceans. The animals were fed with the unicellular green algae Chlorella vulgaris, which was grown in a batch culture in 500 mL flasks in Tamiya medium. Before being used as a food substrate, the algae were concen trated by centrifugation (1200g). The concentration of the alga cells was determined with a CASY TTC parti cle counter (SCHÄRFE SYSTEM GmbH, Ger many).
Resting eggs for experiments were obtained in the batch culture of M. macrocopa (medium volume, 4 L; food concentration, 1 million cells/mL; medium replacement frequency, once in 3 days). The resting eggs were stored in the dark at 4°C.
We studied the sensitivity of resting eggs to ionizing radiation from the three point sources of 137 Cs radio activity with different power in the γ radiation dose range varying from the background level to 100 Gy. For each experiment, we selected undamaged ephippia containing two fertilized resting eggs of M. macrocopa. For each absorbed dose, 60-100 resting eggs were tested. For irradiation, resting eggs were placed on the bottom of a conical plastic Eppendorf microtube (1.5 mL) containing 0.5 mL of water. To ensure differ ent radiation doses, we changes the duration of expo sure (sources 1 and 2) and the distance from the radi ation source (source 3). The measurement error in the case of high radiation doses (80-100 Gy) was signifi cantly greater than in the case of small doses, due to the close location of samples to the source of radia tion. Resting eggs were irradiated in the dark at 4-10°C.
The power of absorbed doses from the point sources of γ radiation, the time during which the absorbed doses were accumulated, and the character istics of resting eggs used for the experiments are sum marized in table.
After irradiation, eggs were transferred to contain ers filled with 500 mL of medium containing food at a concentration of 400 thousand cells/mL, which were placed in an incubator at 26°C. Every three days, the Individual cultivation of females was performed in 20 mL of medium in a food concentration in the medium 200 thousand cells/mL. The medium was replaced with a freshly prepared one every day. The experiments continued until the death of all experi mental animals. The food concentration of 200 thou sand cells/mL was selected to provide food conditions that do not limit the growth and parthenogenetic reproduction of crustaceans [6] .
Conditions of experiments on γ irradiation of resting eggs of Moina macrocopa
For each female, we determined the time of hatch ing of the first and subsequent clutches, counted the number of offspring in each clutch, determined the sex composition of offspring, and recorded the time of death of female x (in days).
The data were used to calculate the net reproduc tive rate (R 0 ) and the population growth rate (r) [7] :
, where l x is the proportion of animals surviving to age x, and m x is the average fecundity of females at age x.
The population growth rate was determined on the basis of iterative solution of the Euler-Lotka equa tion:
. The effect of irradiation on the reactivation of rest ing eggs, net reproductive rate, and population growth rate was assessed using correlation analysis; the effect of irradiation on the average life span and the number of hatched clutches was determined using the non parametric median test in the STATISTICA 8.0 soft ware.
Ionizing radiation in the studied dose range had no systematic effect on the reactivation of resting eggs (r = 0.13, p = 0.547, Fig. 1 ). For the three sources of radiation and the entire range of radiation doses, on average 88 ± 7% eggs were reactivated within 2 weeks after the beginning of the experiments.
Ionizing radiation also did not have a significant impact on the life span of neonates hatched from the irradiated resting eggs (p = 0.09). The average life span for the entire sample of studied animals was 10.4 ± 3.7 days. The maximum and minimum life span was 20 and 2 days, respectively.
The effect of the radiation dose was detected for the reproductive parameters of the females that hatched from the irradiated eggs. The number of hatched clutches (Fig. 2a, p = 0 .0001), R 0 (Fig. 2b, r = -0 .78, р < 0.001), and the estimated population growth rate (Fig. 2c, r = -0 .92, р < 0.001) dramatically decreased when the resting eggs were irradiated with doses 80 and 100 Gy. The effective absorbed dose at which the reproductive indices decreased twice compared to the control (ED 50 ) was 47, 24, and 44 Gy for the number of hatched clutches, R 0 , and the population growth rate, respectively.
We used three radiation sources of different power. As a result, the same radiation doses were accumulated at different durations of exposure to ionizing radia tion. We selected the exposure duration so that the sources of different power yielded, in particular, the same radiation doses. In the range of doses used, the effect of power on the assessed parameters of crusta ceans was not manifested: for the absorbed radiation doses of up to 20-40 Gy, irradiation of different power had no effect on the parameters studied.
Our results showed that, in cladocerans, even in the case of irradiation of resting eggs, reproduction parameters are most sensitive to ionizing radiation. Similar results were obtained by other authors. For example, it was shown that the size of clutches hatched by female Daphnia magna decreased at radiation doses greater than 0.1 Gy. At the same time, radiation doses of 1-2 Gy did not affect survival and somatic growth rate of crustaceans [8] . For the same species, it was shown that doses of 0.1 to 20 Gy have a little, though detectable, effects on the death rate of live animals, mass death begins at doses of 100 Gy and higher [9] .
Studies on irradiation of resting eggs of crustaceans are scanty. In the experiment performed at the Inter national Space Station (ISS), the ability of resting eggs of cladocerans to endure the outer space conditions was tested. Despite the high temperature differences and the impact of ionizing radiation (accumulated dose, 2-3 Gy), part of the resting eggs retained the ability for reactivation [10] .
It should be noted that data on the effect of ionizing radiation on aquatic invertebrates are fragmentary and incomplete [11] . Our work covers a substantial gap in this field of research. On the one hand, our data con firm the established view of the high resistance of invertebrates to ionizing radiation. The results of our studies have shown that irradiation at doses ranging from the background level to 100 Gy did not affect the survival of resting eggs and the life span of the hatched neonates. On the other hand, this is the first study to show that irradiation of resting eggs affects the repro ductive parameters of hatched neonates. Our results suggest that the accumulation of technogenic radio nuclides in bottom sediments can have a significant impact on the functioning of aquatic ecosystems through chronic adverse effects on the accumulation of resting eggs.
